A B S T R A C T 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and other aryl hydrocarbon receptor (AhR) agonists have been shown to regulate bone development and remodeling in a species-, ligand-, and age-specific manner, however the underlying mechanisms remain poorly understood. In this study, we characterized the effect of 0.01-30 μg/ kg TCDD on the femoral morphology of male and female juvenile mice orally gavaged every 4 days for 28 days and used RNA-Seq to investigate gene expression changes associated with the resultant phenotype. Microcomputed tomography revealed that TCDD dose-dependently increased trabecular bone volume fraction (BVF) 2.9-and 3.3-fold in male and female femurs, respectively. Decreased serum tartrate-resistant acid phosphatase (TRAP) levels, combined with a reduced osteoclast surface to bone surface ratio and repression of femoral proteases (cathepsin K, matrix metallopeptidase 13), suggests that TCDD impaired bone resorption. Increased osteoblast counts at the trabecular bone surface were consistent with a reciprocal reduction in the number of bone marrow adipocytes, suggesting AhR activation may direct mesenchymal stem cell differentiation towards osteoblasts rather than adipocytes. Notably, femoral expression of transmembrane glycoprotein NMB (Gpnmb; osteoactivin), a positive regulator of osteoblast differentiation and mineralization, was dose-dependently induced up to 18.8-fold by TCDD. Moreover, increased serum levels of 1,25-dihydroxyvitamin D 3 were in accordance with the renal induction of 1α-hydroxylase Cyp27b1 and may contribute to impaired bone resorption. Collectively, the data suggest AhR activation tipped the bone remodeling balance towards bone formation, resulting in increased bone mass with reduced marrow adiposity.
Introduction
The skeletal system serves several vital functions in the body including: (i) providing structural support and the site of attachment for muscles, (ii) protecting internal organs such as the brain and bone marrow, and (iii) maintaining mineral (calcium, phosphorus) homeostasis and acid-base balance (Clarke, 2008) . To preserve mechanical strength throughout life, bone undergoes continuous remodeling whereby old or microdamaged bone is resorbed by osteoclasts (i.e. bone resorption) and replaced with new bone formed by osteoblasts (i.e. bone formation). This remodeling is regulated by several hormones and cytokines including active vitamin D (1,25-dihydroxyvitamin D 3 ), parathyroid hormone (PTH), calcitonin, receptor activator of nuclear factor ΚB ligand (RANKL), osteoprotegerin (OPG), tumor necrosis factor (TNF), interleukin-1 (IL-1), and IL-6 (Clarke, 2008) .
During normal bone remodeling, resorption and formation are tightly coupled to prevent net changes in mass or mechanical strength. However, several factors including aging, hormonal changes (e.g. menopause), genetics, malabsorption (e.g. vitamin D deficiency), drugs (e.g. glucocorticoids), and diseases (e.g. chronic kidney disease, hyperthyroidism) can disrupt this balance, leading to metabolic bone disorders (Feng and McDonald, 2011) . The most prevalent metabolic bone disease is osteoporosis, which is characterized by decreased bone density, microarchitectural deterioration, and increased fracture risk (Eastell et al., 2016; Feng and McDonald, 2011) . In contrast, osteosclerosis refers to a collection of hereditary and acquired disorders characterized by increased bone density (Ihde et al., 2011) . This includes osteopetrosis, in which rare inherited mutations impair osteoclast function and thus resorption, resulting in increased bone mass (Feng and McDonald, 2011) . Excessive bone accumulation produces not only brittle bones that are more susceptible to fractures, but also neurological complications from osseous nerve compression and anemia https://doi.org/10.1016/j.taap.2018.04.013 Received 6 February 2018; Received in revised form 3 April 2018; Accepted 11 April 2018 due to reduced marrow volume (Sobacchi et al., 2013) . To date, the role of environmental contaminants in the development of metabolic bone disorders has not been thoroughly investigated. However, several persistent environmental contaminants such as 2, 3, 7, are potent activators of the aryl hydrocarbon receptor (AhR), which is known to regulate bone development, mineralization, and remodeling . The AhR is a basic helix-loop-helix Per-Arnt-Sim (PAS) transcription factor which elicits gene expression changes in a species-, sex-, age-, tissue-, and cell-specific manner (Denison and Nagy, 2003) . Ligand binding initiates the dissociation of chaperone proteins, triggering translocation of the cytoplasmic AhR to the nucleus and heterodimerization with the aryl hydrocarbon receptor nuclear translocator (ARNT). The canonical pathway involves binding of the liganded AhR-ARNT complex to dioxin response elements (DREs) within the promoter region of target genes, leading to recruitment of transcriptional co-regulators and differential gene expression (Hankinson, 1995) . However, an increasing number of studies report DRE-independent mechanisms of differential gene expression (Beischlag et al., 2008; Huang and Elferink, 2012) .
Although several studies report that AhR activation alters bone mineralization, remodeling, and morphology, the resulting phenotypes differ between rodent models. For example, TCDD increases trabecular bone volume fraction (BVF) and mineral density (BMD) in adult mice (Herlin et al., 2013) . In contrast, BMD is decreased in adult mice exposed to the less potent AhR agonist 3-methylcholanthrene (3MC), as well as in TCDD-treated mouse pups (Nishimura et al., 2009; Yu et al., 2015) . In rats, BVF and BMD are also affected by AhR activation in a strain-, ligand-, and age-specific manner Finnila et al., 2010; Herlin et al., 2010; Jamsa et al., 2001; Lind et al., 2009) . In vitro, TCDD impairs the differentiation and proliferation of various bone cells including osteoclast and osteoblast precursors (Carpi et al., 2009; Korkalainen et al., 2009; Yu et al., 2014a) . Furthermore, both whole-body and osteoclast-specific AhR null mice exhibit increased BVF and reduced bone turnover, indicating AhR signaling plays a central role in normal bone development and homeostasis (Herlin et al., 2013; Yu et al., 2014b) . In addition, AhR agonists affect the development of teeth, which can be considered mineralized exoskeleton. More specifically, TCDD impairs dentin formation in adult rat incisors, while polychlorinated dibenzodioxins (PCDDs) and dibenzofurans (PCDFs) have been associated with hypomineralization of tooth enamel in humans (Alaluusua et al., 1993 (Alaluusua et al., , 1999 . However, the underlying mechanisms responsible for AhR-mediated alterations in bone morphology remain poorly understood.
The objectives of the current study were to (i) characterize the femoral phenotype in juvenile mice following repeated TCDD treatment, and (ii) investigate the underlying mechanisms by integrating dosedependent femoral gene expression changes with serum biomarkers and metabolite levels. We report that TCDD dose-dependently increased femoral trabecular BVF while reducing bone marrow adiposity. Serum biomarker levels together with osteoclast counts indicate impaired bone resorption, while reciprocal changes in osteoblast and adipocyte counts suggest TCDD may alter mesenchymal stem cell (MSC) differentiation. Furthermore, induction of the positive osteoblastogenesis regulator transmembrane glycoprotein NMB (Gpnmb; aka osteoactivin) and dysregulation of vitamin D metabolism may play key roles in altering the balance between bone resorption and formation.
Materials & methods

Animal handling and treatment
Postnatal day 25 (PND25) male and female C57BL/6 mice weighing within 10% of each other were obtained from Charles River Laboratories (Kingston, NY) and housed in Innovive Innocages (San Diego, CA) containing ALPHA-dri bedding (Shepherd Specialty Papers, Chicago, IL) in a 23°C environment with 30-40% humidity and a 12-hour (h) light/dark cycle (7 am-7 pm). Mice were provided Aquavive water (Innovive) and Harlan Teklad 22/5 Rodent Diet 8940 (Madison, WI) ad libitum, and were acclimated for 4 days (d) prior to treatment. (I) For the sex comparison study, male and female mice (PND28; n = 8) were orally gavaged with sesame oil vehicle (Sigma-Aldrich, St. Louis, MO) or 30 μg/kg TCDD (AccuStandard, New Haven, CT) every 4 d for a total of 28 d (7 exposures; Supplementary Fig. S1A ). (II) For the doseresponse study, only male mice (PND28; n = 8) were orally gavaged with sesame oil vehicle, or 0.01, 0.03, 0.1, 0.3, 1, 3, 10, or 30 μg/kg TCDD every 4 d for a total of 28 d (7 exposures, Supplementary Fig.  S1B ). (III) For the single dose study, male mice (PND28; n = 5) were orally gavaged with a single dose of sesame oil vehicle or 30 μg/kg TCDD (1 exposure, Supplementary Fig. S1C ).
The doses used compensate for the relatively short study duration compared to lifelong cumulative human exposure from diverse AhR ligands, the bioaccumulative nature of halogenated AhR ligands, and differences in TCDD's metabolism and half-life (humans: 1-11 years (Sorg et al., 2009; Wolfe et al., 1994) , mice: 8-12 d (Birnbaum, 1986; Gasiewicz et al., 1983) ), and allow for computational modeling of doseresponse curves. These doses result in mouse hepatic TCDD levels that span human background serum concentrations reported in the United States, Germany, Spain, and the United Kingdom to serum levels reported in Viktor Yushchenko 4-39 months following intentional poisoning (Nault et al., 2016a) . All animal handling procedures were performed with the approval of the Michigan State University (MSU) Institutional Animal Care and Use Committee, in accordance with ethical guidelines and regulations.
Sample collection
At 28 d after the initial exposure (PND56) of the sex comparison and male dose-response studies, mice (fasted for 6 h) were weighed and blood was collected from the submandibular vein prior to cervical dislocation. For the single dose study, animals were euthanized by cervical dislocation 7 d after the initial exposure (PND35). Femurs were either: (i) cleaned of muscle and connective tissue, frozen in liquid nitrogen, and stored at −80°C, or (ii) fixed in 10% neutral buffered formalin and transferred to 70% ethanol 24 h later. Liver and kidneys were removed, frozen in liquid nitrogen, and stored at −80°C. Femurs, kidneys, and serum were collected in the sex comparison study, while femurs and livers were collected in the male dose-response study. For the single dose study, only femurs were collected. Sample sizes for the treatment groups of each endpoint measured are listed in Supplementary Table S1 .
Micro-computed tomography
Formalin-fixed femurs were scanned using a GE Explore Locus micro-computed tomography (μCT) system with a voxel resolution of 20 μm obtained from 720 views, beam strength of 80 peak kV and 450 μA, and a beam angle increment of 0.5. Each scan consisted of bones from all experimental groups and a calibration phantom bone to maintain consistency throughout all scans. A fixed threshold of 496 was used to distinguish bone from marrow. Femur length was measured and a region of interest in the distal femur was analyzed and defined as 1% of the total length proximal to the growth plate and extending 2 mm towards the diaphysis and excluded the outer cortical bone. Trabecular bone mineral content (BMC), bone mineral density (BMD), bone volume fraction (BVF), thickness (Tb.Th.), spacing (Tb.Sp.), and number (Tb.N.) values were computed using GE Healthcare MicroView software for visualization and analysis of volumetric image data. Cortical BMC, BMD, inner and outer perimeter, and cortical and marrow area were measured in a 2 × 2 × 2 mm cube centered midway down the length of the bone using a threshold of 972 to distinguish bone from marrow. Estimation of the 10% benchmark dose (BMD 10% ) for the male doseresponse morphology data was performed using the Benchmark Dose K.A. Fader et al. Toxicology and Applied Pharmacology 348 (2018) [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] Software (BMDS v.2.6.0.1) developed by the U.S. EPA (https://www. epa.gov/bmds), where the model with the lowest Akaike's Information Criterion (AIC) was selected as the best fitting model. If the 'p-value for fit' of the best fitting model was < 0.1, the fit was considered unacceptable and thus a BMD 10% was not calculated.
Histopathology
Formalin-fixed femurs were vacuum infiltrated with paraffin using a Tissue-Tek VIP 2000 tissue processor (Sakura) and embedded with the Thermo Fisher HistoCentre III Embedding Center (Thermo Fisher, Waltham, Massachusetts) by the MSU Investigative Histopathology Laboratory (https://humanpathology.natsci.msu.edu/). Paraffin blocks were sectioned at 4-5 μm with a Reichert Jung 2030 rotary microtome (Reichert, Depew, New York) and dried for 2-24 h at 56°C to ensure adherence to slides. Slides were stained with hematoxylin and eosin (H &E) and photographed (10× magnification) using a Leitz Laborlux microscope and SPOT RT Color digital camera (Diagnostic Instruments, Inc.; Sterling Heights, Michigan). Adipocytes, > 15 μm diameter, were counted in the distal femur trabecular region (extending 2 mm from the growth plate towards the diaphysis). Area of analysis was determined using Image Pro-Plus software version 7.
For osteoclast and osteoblast quantification, slides were stained for tartrate-resistant acid phosphatase (TRAP) and counterstained with hematoxylin per manufacturer protocol (387A-IKT, Sigma). At least six images (40× magnification) per sample were taken at the distal metaphysis. TRAP-positive osteoclast surface along the bone surface was measured and expressed relative to the total bone surface. Osteoblast counts were performed by cellular morphology and consisted of cuboidal cells in direct contact with the bone surface. In addition, the ratio of osteoclasts to osteoblasts (OC/OB) was determined by dividing the number of osteoclasts by the number of osteoblasts. All measurements were performed using ImageJ (National Institute of Health, Bethesda, MD).
Serum biochemistry
Serum TRAP (TRAcP 5b) activity was measured using a solid phase immunofixed enzyme activity assay (Immunodiagnostic Systems, Gaithersburg, MD), while serum amino-terminal propeptide of type 1 collagen (P1NP) and osteocalcin levels were quantified using enzyme immunoassays (Immunodiagnostic Systems and Alfa Aesar, Tewksbury, MA, respectively). Serum levels of free ionized calcium and phosphate were measured using colorimetric assays (Abcam, Cambridge, MA and Sigma-Aldrich, respectively). All colorimetric end products were measured using a Tecan (Männedorf, Switzerland) Infinite M200 plate reader. Serum levels of 25-hydroxyvitamin D 3 and 1,25-dihydroxyvitamin D 3 were quantified using chemiluminescent immunoassays performed by MLabs (University of Michigan, Department of Pathology, Ann Arbor, MI).
RNA extraction and gene expression analysis
Frozen liver and kidney samples were homogenized in TRIzol using a Mixer Mill 300 tissue homogenizer (Retsch, Germany) and total RNA was isolated as previously described (Boverhof et al., 2005) . Frozen femurs were crushed in liquid nitrogen with a Bessman Tissue Pulverizer (Spectrum Laboratories, Rancho Dominguez, CA) and total RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instructions. RNA was quantified using a Nano-drop spectrophotometer (Thermo Scientific, Wilmington, DE) at 260 nm. Purity was assessed using the A 260 /A 280 ratio and quality was analyzed using the Caliper LabChip GX (Perkin Elmer, Waltham, MA).
Dose-dependent gene expression in the male femur, and male and female liver was examined using RNA-Seq performed at the MSU Research Technology Support Facility (RTSF) Genomics Core (rtsf. natsci.msu.edu/genomics). Femoral libraries from three independent biological replicates (n = 3) were prepared using the Illumina TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA). Libraries were quantified and sequenced as previously described, at a read depth of 30 M per sample (Fader et al., 2017a; Nault et al., 2015) . Quality of reads was determined using FASTQC v0.11.3. Reads were mapped to the mouse reference genome (GRCm38 release 81) using Bowtie2 v2.2.6 and TopHat2 v2.1.0. For TCDD-mediated differential gene expression, fold changes were calculated relative to vehicle controls. Genes were considered differentially expressed if |fold change| ≥ 1.5 and statistical P1(t) value ≥0.8 at one or more doses. The male femur RNA-Seq dataset was deposited in the Gene Expression Omnibus (GEO; accession number GSE104551), while RNA-Seq datasets for the male liver (GSE87519) and female liver (GSE62902) were previously published (Fader et al., 2017a; Nault et al., 2015) . The RNA-Seq results (fold changes, P1(t) values) for each gene discussed in the manuscript have been compiled in Supplementary Table S2 . Dose-response modeling was performed using ToxResponse Modeler (Burgoon and Zacharewski, 2008) , and median effective dose (ED 50 ) values for differentially expressed genes (DEGs) exhibiting a sigmoidal response were reported in Supplementary Table S2 . BMD 10% and BMD 10% lower confidence limits (BMDL) were calculated using BMDExpress (Yang et al., 2007) as previously described and included in Supplementary Table S2 .
Gene expression in male and female kidneys (vehicle vs. 30 μg/kg TCDD) was analyzed using quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA was reverse transcribed by SuperScript II (Invitrogen) using oligo dT primer according to the manufacturer's protocol. PCR amplification was conducted on a Bio-Rad CFX Connect Real-Time PCR Detection System. Gene expression relative to vehicle control was calculated using the 2 -ΔΔCT method, where each sample was normalized to the geometric mean of 3 housekeeping genes (Gapdh, Ppia, and Pgk1) (Cui et al., 2009) . Primer sequences are provided in Supplementary Table S3 .
Enrichment analysis
Male femur DEGs were analyzed for enriched functions using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.7. Only Gene Ontology (GO) Biological Processes were considered. Enrichment scores (ES) ≥ 1.3 were considered significant, representing the −log scale geometric mean p-value of 0.05.
Putative DRE identification and AhR chromatin immunoprecipitation (ChIP)
Putative DREs (pDREs) were previously identified (Nault et al., 2016b) . Briefly, the regulatory region (10 kb upstream of the transcription start site together with 5′-and 3′-untranslated regions) and coding sequence of each gene was obtained from the University of California, Santa Cruz (UCSC) Genome Browser for mouse (mm10 GRCm38 build) and computationally searched for the DRE core consensus sequence 5′-GCGTG-3′. Each identified core was extended by 7 bp upstream and downstream, and the resulting 19 bp sequences were scored using a position weight matrix constructed from bona fide functional DREs. Matrix similarity scores (MSS) ≥ 0.856 were considered to be pDREs. Heat maps (Figs. 6 and 7) indicate the presence/ absence of pDREs within genes of interest while Supplementary Table  S2 lists the number of pDREs and the location of the highest scoring pDRE for each gene discussed in the manuscript. UCSC genome browser tracks indicating pDRE locations within the mouse genome are available at http://dbzach.fst.msu.edu/index.php/supplementarydata.html.
Hepatic AhR ChIP-Seq was previously performed on samples from female and male C57BL/6 mice 2 h following a single oral dose of 30 μg/kg TCDD (Fader et al., 2017a; Nault et al., 2016b). Supplementary Table S2 indicates whether AhR binding was detected within each hepatic gene discussed in the manuscript, while full ChIPSeq datasets for the female and male liver are available on GEO (GSE97636 and GSE97634, respectively).
Results
Micro-computed tomography
Long bones such as the femur consist of a shaft of dense cortical bone (diaphysis) surrounding the marrow, with a meshwork of spongy trabecular bone above and below (metaphysis) the epiphyseal plate at each end. Using high resolution μCT, the three-dimensional morphology of trabecular and cortical bone was evaluated in male and female mice gavaged with 30 μg/kg TCDD every 4 d for 28 d. In males, 30 μg/kg TCDD increased the trabecular BVF of the femur from 32% in controls to 94% in treated mice (2.9-fold increase). Similarly, the femoral trabecular BVF in female mice was increased from 28% in controls to 93% at 30 μg/kg TCDD (3.3-fold increase) (Fig. 1A) . This is consistent with a 5.6-and 5.0-fold increase in Tb.Th. in males and females, respectively (Fig. 1C) . Additionally, TCDD decreased Tb.Sp. 7.3-and 7.9-fold in males and females, respectively (Fig. 1E) , while Tb.N. was also decreased in both sexes (Fig. 1G) . Trabecular BMD was increased 2.5-and 2.7-fold in males and females, respectively, at 30 μg/ kg TCDD (Fig. 1I) , while trabecular BMC was increased 2.6-and 2.2-fold, respectively (Fig. 1K) . TCDD-elicited changes in BVF, Tb.Th., Tb.Sp., BMD, and BMC were confirmed to be dose-dependent in male mice (Fig. 1B,D ,F,J,L), where BVF, Tb.Th., BMD, and BMC were increased at ≥10 μg/kg TCDD, while Tb.Sp. was decreased at ≥1 μg/kg TCDD. Using benchmark dose modeling software, the BMD 10% values for male BVF, Tb.Sp., BMD, and BMC were determined to be 1.9 (Hill model), 0.6 (exponential model), 2.3 (Hill model), and 1.8 (exponential model) μg/kg TCDD, respectively. No model adequately fit the Tb.Th. or Tb.N. data. Representative isosurface images of the distal metaphysis region of the male femur demonstrate the dose-dependent effects of TCDD on the three-dimensional structure of mineralized trabecular bone (Fig. 2) . Male femur length was decreased~3% at 30 μg/kg TCDD with no effect at ≤10 μg/kg ( Supplementary Fig. S2 ), and thus any effect on bone growth was negligible compared to altered trabecular morphology at ≥1 μg/kg.
μCT analysis of the cortical portion of the femur revealed modest changes. In the male dose-response study, the outer perimeter, marrow area, and BMD of the cortical bone were decreased at 30 μg/kg TCDD (Table 1) . However, these minor changes were not confirmed in the male vs. female comparison. TCDD had no effect on cortical area, inner perimeter, or BMC in either the male dose-response study or the male vs. female comparison. These modest effects on cortical morphological parameters can likely be attributed to the lower metabolic activity of cortical compared to trabecular bone.
To examine the rapidity of onset of these changes in bone morphology, μCT analysis was also performed on femurs collected from male mice 7 d after a single oral gavage of 30 μg/kg TCDD. Trabecular BVF of the femur increased from 32% in controls to 68% (2.1-fold) in TCDD-treated mice (Fig. 3A) . Similarly, Tb.Th. was increased 2.1-fold Fig. 1 . Micro-computed tomography evaluation of trabecular bone morphology in the femur following repeated TCDD dosing. In the sex comparison study (A,C,E,G,I,K), female (pink) and male (blue) C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 μg/kg TCDD every 4 days for 28 days. In the doseresponse study (B,D,F,H,J,L), male C57BL/6 mice were orally gavaged with sesame oil vehicle or 0.01-30 μg/kg TCDD every 4 days for 28 days. Bars represent the average of 7-8 biological replicates (A,C,E,G,I,K) or 6-8 biological replicates (B,D,F,H,J,L) + standard error of the mean. Statistical significance (*p ≤ .05) was determined using either a Student's t-test (A,C,E,G,I,K) or a one-way ANOVA analysis followed by Dunnet's post hoc test (B,D,F,H,J,L). Benchmark dose (BMD 10% ) values were determined using the U.S. EPA's Benchmark Dose Software (BMDS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) K.A. Fader et al. Toxicology and Applied Pharmacology 348 (2018) [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] ( Fig. 3B) , while Tb.Sp. was decreased 2.3-fold by TCDD (Fig. 3C) . Additionally, trabecular BMD and BMC were increased 1.7-and 1.6-fold, respectively (Fig. 3E,F) . Representative isosurface images of the distal metaphysis region demonstrate the effects of a single TCDD dose on the trabecular microarchitecture of the femur (Fig. 3G ). These data indicate that TCDD-elicited alterations in trabecular morphology develop rapidly, where a single bolus dose of 30 μg/kg TCDD was sufficient to increase trabecular BVF (68%) and repeated TCDD dosing further exacerbated this phenotype (94%). Interestingly, the outer perimeter, cortical area, and BMC of the cortical bone were modestly increased at 30 μg/kg TCDD (Table 2) , in contrast to the modest decreases observed in cortical bone following repeated dosing. The remainder of the manuscript will focus on TCDD-elicited changes after 28 d of treatment.
Bone cell composition
To investigate the effect of TCDD on bone cell composition, the number of osteoclasts on the trabecular bone surface was evaluated through staining for TRAP, which is secreted by osteoclasts to digest type I collagen within the bone matrix (Fig. 4A) . TRAP staining of the female femurs revealed a 1.3-fold decrease in the osteoclast surface to bone surface ratio at the distal metaphysis, while male femurs exhibited a non-significant 1.5-fold decrease (Fig. 4C) . Osteoblast counts relative to bone surface were increased 1.4-fold in TCDD treated male femurs. Paradoxically, the relative osteoblast number was unaffected in females (Fig. 4A,D) . The osteoclasts to osteoblasts ratio was decreased 1.5-fold in females, with a trending 1.7-fold (non-significant) decrease in males (Fig. 4E) . Consistent with a reciprocal relationship between osteoblasts and adipocytes, assessment of H&E-stained femurs revealed suppression of bone marrow adiposity at 30 μg/kg TCDD, with a 4.1-fold reduction in adipocyte (diameter > 15 μm) number in the distal trabecular region of both male and female mice (Fig. 4B,F) . Overall, the data suggest the bone remodeling balance was tipped towards bone formation, consistent with the increase in trabecular BVF.
Serum biomarkers of bone turnover
The effect of TCDD on bone turnover was further evaluated using Fig. 2 . Representative isosurface images of trabecular bone morphology in the femur of male C57BL/ 6 mice orally gavaged with sesame oil vehicle or 0.01-30 μg/kg TCDD every 4 days for 28 days. Images were generated using GE Healthcare MicroView software and depict the three-dimensional structure of the mineralized trabecular bone within the distal metaphysis of the femur. Benchmark dose (BMD 10% ) values for trabecular spacing and bone volume fraction were determined to be 0.6 and 1.9 μg/kg TCDD, respectively. serum biomarkers of resorption and formation. Serum levels of TRAP, a biomarker of osteoclastic activity and bone resorption (Wheater et al., 2013) , were decreased 1.4-fold in females at 30 μg/kg TCDD, with a non-significant 1.4-fold decrease in males (Fig. 5A ). This is in accordance with decreases in the osteoclast surface to bone surface ratio, confirming bone resorption was impaired. P1NP and osteocalcin, which are released by osteoblasts during collagen deposition and matrix mineralization, were used as biomarkers of bone formation and osteoblastic activity (Wheater et al., 2013) . TCDD decreased serum P1NP 2.4-and 3.1-fold in male and female mice, respectively (Fig. 5B) . Similarly, serum levels of osteocalcin were decreased 1.8-fold in male mice treated with 30 μg/kg TCDD, while females exhibited a non-significant 1.2-fold decrease (Fig. 5C ). However, given the observed increases in trabecular BVF and osteoblast counts, the decreased P1NP and osteocalcin levels following 28 d of treatment may reflect negative feedback in response to enhanced bone formation earlier in the study. Osteocalcin is also a marker of bone formation as it is secreted by osteoblasts. Bars represent the average of 6-8 biological replicates (A,C) or 5 biological replicates (B) + standard error of the mean. Statistical significance (*p ≤ .05) was determined using a Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fader et al. Toxicology and Applied Pharmacology 348 (2018) [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] Despite changes in bone remodeling, serum concentrations of ionized calcium and inorganic phosphate were unaffected by TCDD in both sexes ( Supplementary Fig. S3 ).
Femoral RNA-Seq analysis
To investigate the underlying mechanisms responsible for the altered trabecular morphology, dose-dependent transcriptomic changes were analyzed in the femurs of male mice. RNA-Seq analysis detected 21,930 genes expressed in the femur, of which 1720 were differentially expressed (|fold change| ≥ 1.5, P1(t) ≥ 0.8) at one or more doses. Cytochrome P450 1A1 (Cyp1a1) was induced 85.8-fold, as were other AhR target genes including AhR repressor (Ahrr; 10.3-fold), phosphoenolpyruvate carboxykinase 1 (Pck1; 4.7-fold), Cyp1b1 (3.9-fold), and NAD(P)H dehydrogenase quinone 1 (Nqo1; 1.4-fold).
DAVID analysis of the 1720 DEGs identified 23 enriched functional clusters (ES ≥ 1.3) (Supplementary Fig. S4 ). Of particular interest was TCDD-elicited differential gene expression associated with bone development and regulation of mineralization, ion transport, erythrocyte development, heme metabolism, chemotaxis, and inflammatory response. Several genes involved in heme biosynthesis were repressed, including the rate-limiting enzymes delta-aminolevulinate synthase 2 (Alas2; 1.6-fold) and ferrochelatase (Fech; 1.6-fold) (Fujiwara and Harigae, 2015) , as well as hydroxymethylbilane synthase (Hmbs; 1.7-fold), uroporphyrinogen III synthase (Uros; 2.0-fold), and coproporphyrinogen oxidase (Cpox; 1.6-fold) (Fig. 6 ). This repression of the heme biosynthetic pathway is consistent with hepatic repression of heme biosynthesis in TCDD-treated male mice (Fader et al., 2017a) , and may impair erythrocyte formation within the bone marrow. TCDD also induced several chemokines (Ccl2, Ccl7, Ccl12, Cxcl2, Cxcl3, Cxcl13, Cxcl16, Xcl1) and chemokine receptors (Ccr1, Ccr7, Cxcr1, Cxcr2, Cx3cr1), while Ccr3 and Ccr9 were repressed. Similarly, benzo(a)pyrene has been reported to induce several inflammatory factors including Cxcl2 and Cxcl3 in freshly isolated mouse bone marrow cells through an AhR-dependent mechanism (N'Jai et al., 2011). The expression of bicarbonate (e.g. Slc4a1, Slc4a8, Slc26a7), calcium (e.g. Atp2b4, Cacna1g, Cacna1e, Cacna1i), potassium (e.g. Atp1a3, Kcna2, Kcnj5, Slc12a5, Kcne4), and iron (e.g. Slc25a37, Slc11a2, Steap3, Trf) transporters were also altered (Fig. 6 ). Genes associated with bone development and regulation of mineralization will be discussed below, specifically focusing on: (i) osteoblast and adipocyte differentiation, (ii) osteoclast formation and function, and (iii) vitamin D metabolism.
Osteoblast and adipocyte differentiation
Bone marrow MSCs are the common progenitor of both osteoblasts and adipocytes, where the differentiation balance between osteogenesis and adipogenesis is regulated by several lineage-specific transcription factors and signaling pathways. Peroxisome proliferator activated receptor ϒ (PPARϒ) and CCAAT/enhancer binding proteins (C/EBPs) dictate adipogenic differentiation, while runt related transcription factor 2 (RUNX2) and SP7 (aka osterix) are required for osteogenic differentiation. In addition, wingless-type MMTV integration site (Wnt) signaling promotes osteogenesis while inhibiting adipogenesis. Despite the substantial decrease in bone marrow adiposity, adipogenic lineage markers such as Cebpb and Cebpd were induced 3.9 and 1.6-fold in the male femur, respectively, while Pparg and Cebpa were unaffected by TCDD. TCDD also induced PPARϒ target genes including lipoprotein lipase (Lpl; 2.0-fold) and fatty acid binding protein 4 (Fabp4; 1.5-fold) (Fig. 6) . In contrast to the increased osteoblast count in the male femur, femoral expression of osteogenic transcription factors (Runx2, Sp7) and key players of the Wnt signaling pathway (Wnt10b, Lrp5, Lrp6, Ctnnb1) were unaffected by treatment.
Despite having little effect on Runx2 or Wnt signaling members, the expression of several genes involved in the regulation of osteoblast differentiation was altered. Notably, TCDD dose-dependently induced femoral expression of Gpnmb (aka osteoactivin) 18.8-fold, with a BMD 10% of 0.84 μg/kg TCDD. GPNMB is a positive regulator of osteoblastogenesis where overexpression promotes the differentiation of osteoprogenitor cells to functional osteoblasts (Abdelmagid et al., 2008; Frara et al., 2016) . Furthermore, TCDD induced several members of the S100 superfamily of calcium-binding proteins, including S100a8 (1.9-fold), S100a9 (1.8-fold), and S100a11 (1.9-fold). S100a8 and S100a9, which are involved in osteoblast differentiation and regulation of resorption (Zreiqat et al., 2007) , were among the most abundantly expressed genes. In contrast, S100a4, a negative regulator of osteoblast differentiation and matrix mineralization, was repressed 2.2-fold (Fig. 6) (Duarte et al., 2003) .
Osteoclast formation and function
Osteoclast formation and activation are regulated by several cytokines including colony-stimulating factor (CSF1) and the ratio of RANKL to OPG. Osteoblast-secreted RANKL binds to receptor activator of NF-κB (RANK) on the surface of osteoclast precursors to initiate the formation of mature multinucleated osteoclasts, while macrophage CSF is required for the recruitment and differentiation of osteoclast precursors. Osteoblasts also secrete OPG, which serves as a decoy receptor to regulate the interaction between RANK and RANKL. Interestingly, male femoral Csf1 (encodes CSF) and Tnfsf11 (encodes RANKL) were induced 1.3-and 2.5-fold, respectively, while Tnfrsf11b (encodes OPG) expression was unaffected by TCDD (Fig. 6) .
During resorption, acidification of the osteoclast-bone surface interface is required for mineral solubilization and organic matrix digestion. Vacuolar H + -adenosine triphosphatase (V-type H + -ATPase), localized on the ruffled border of osteoclasts, secretes protons into the resorption pit. TCDD repressed femoral expression of the V0D2 subunit of this pump (Atp6v0d2; 1.5-fold), while 22 other subunits were unaffected. Additionally, carbonic anhydrase II (Car2), which generates most of the protons required by the V-type H + -ATPase, was repressed 1.7-fold (Fig. 6 ). Interestingly, a Car2 mutation resulting in loss of function is associated with human 'osteopetrosis with renal tubular acidosis' (Stark and Savarirayan, 2009) . Following resorption pit acidification, osteoclasts secrete two major groups of endoproteases to remodel the extracellular organic matrix: (i) cathepsin cysteine proteases, and (ii) metalloproteinases consisting of matrix metalloproteinases (MMPs), a disintegrin and metalloproteinase domain (ADAMs), and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs). Femoral expression of Ctsk, the principal cysteine protease responsible for type I collagen degradation, was repressed 1.7-fold by TCDD in male mice. Similarly, Mmp13, which is required for collagen cleavage in the resorption pit, was repressed 1.7-fold. In contrast, TCDD induced femoral expression of several MMPs including Mmp8 (2.2-fold), Mmp9 (1.5-fold), Mmp15 (1.5-fold), and Mmp25 (2.4-fold), although their contribution to resorption remains unclear. Adam8, which plays a key role in osteoclast differentiation, was induced 2.1-fold. Additionally, femoral expression Adam19 and Adam21 was induced 1.7-fold, while Adam11 and Adam12 were repressed 1.8-and 1.6-fold, respectively. Femoral Adamts1 (2.0-fold), Adamts9 (1.6-fold), Adamts15 (2.2-fold), and Adamts20 (1.8-fold) were also induced (Fig. 6) . These results suggest TCDD altered proteasemediated remodeling of the organic bone matrix in the femur.
Vitamin D metabolism
Bone resorption is regulated not only by locally produced cytokines, but also by hormones such as vitamin D. Vitamin D 3 (cholecalciferol) is a prohormone consumed in the diet or synthesized in human skin, which undergoes two hydroxylation reactions before acquiring activity. The first hydroxylation is catalyzed by hepatic CYP2R1 to yield 25-hydroxyvitamin D 3 (25-OH-D 3 ), while CYP27A1 contributes to a lesser extent (Sawada et al., 2000; Zhu et al., 2013) . TCDD dose-dependently K.A. Fader et al. Toxicology and Applied Pharmacology 348 (2018) 85-98 repressed hepatic Cyp2r1 2.3-fold in females and 3.9-fold in males. Hepatic Cyp27a1 was also repressed 1.6-and 2.4-fold in female and male mice, respectively (Fig. 7) . Accordingly, serum 25-OH-D 3 levels were reduced 1.4-and 1.3-fold in female and male mice, respectively, at 30 μg/kg TCDD (Figs. 8A and 9 ). Circulating 25-OH-D 3 is bound to the vitamin D binding protein (DBP; aka group specific component, GC) to prolong its half-life and maintain stable stores. TCDD dose-dependently repressed hepatic Gc 1.4-and 4.3-fold in female and male mice, respectively (Fig. 7) , possibly decreasing 25-OH-D 3 stability and serum levels. Beyond its role as a transport protein, GC also exerts immunomodulatory properties following transformation to macrophage activating factor (GC-MAF), which not only activates macrophages at sites of inflammation, but also promotes bone resorption (Adebanjo et al., 1998) . Transformation to GC-MAF involves sequential deglycosylations mediated by galactosylceramidase (GALC) and neuraminidase 1 (NEU1), expressed by B cells and T cells, respectively (Yamamoto and Kumashiro, 1993) . TCDD induced hepatic female and male Galc expression 1.3-and 1.7-fold, respectively, while Neu1 was induced 1.8-fold in both sexes (Fig. 7) . Increased Galc and Neu1 mRNA levels may be due to dose-dependent immune cell infiltration into the liver following treatment (Boverhof et al., 2005; Fader et al., 2017b) . Despite the increased potential for transformation, Gc repression likely limits GC-MAF levels and may contribute to the TCDD-elicited dysregulation of bone resorption.
Following endocytic uptake into the proximal tubule of the kidney, 25-OH-D 3 is further hydroxylated by CYP27B1 to yield 1α,25-dihydroxyvitamin D 3 (1,25-(OH) 2 -D 3 , aka calcitriol), the hormonally active vitamin D form. Renal Cyp27b1 was induced 13.6-and 13.2-fold in females and males, respectively, at 30 μg/kg TCDD (Fig. 8C) . According, serum 1,25-(OH) 2 -D 3 levels were increased 1.6-fold in female mice, while male levels exhibited a non-significant 1.3-fold increase (Figs. 8B and 9) . Alternatively, 25-OH-D 3 and 1,25-(OH) 2 -D 3 can be hydroxylated by CYP24A1 to inactive 24,25-dihydroxyvitamin D 3 and 1,24,25-trihydroxyvitamin D 3 , respectively. Renal Cyp24a1 was repressed 2.2-fold in male mice, while females displayed a non-significant 1.6-fold decrease, suggesting CYP24A1-mediated inactivation of Fig. 6 . TCDD-elicited dose-dependent differential expression of femoral genes associated with heme biosynthesis, chemotaxis, ion transport, and bone remodeling. Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 0.01-30 μg/kg TCDD every 4 days for 28 days. Colour scale represents the log 2 (fold change) for differential gene expression, as determined by RNA-Seq analysis (3 biological replicates). Genes are listed by their official NCBI Entrez Gene symbol. The presence of putative dioxin response elements (pDREs; Matrix Similarity Score (MSS) ≥ 0.856) is indicated by a green box. Reads represent the maximum raw number of aligned reads to each transcript across doses indicating the potential level of femoral expression, where yellow represents a low level of expression (≤500 reads), and pink represents a higher level of expression (≥10,000). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) K.A. Fader et al. Toxicology and Applied Pharmacology 348 (2018) 85-98 vitamin D 3 metabolites may be reduced (Fig. 8D) . Renal Cyp27b1 expression and thus active vitamin D synthesis are tightly regulated by PTH, fibroblast growth factor 23 (FGF23), and insulin-like growth factor 1 (IGF1), as well as 1,25-(OH) 2 -D 3 itself, to maintain mineral and bone homeostasis (Brenza and DeLuca, 2000) . FGF23, which is secreted by osteocytes and osteoblasts, suppresses renal Cyp27b1 expression (Perwad et al., 2007) . Fgf23 was dose-dependently induced 6.1-fold in the male femur (Fig. 6) , possibly by increased circulating 1,25-(OH) 2 -D 3 which triggers negative feedback (Liu et al., 2006) (Fig. 9) . Active 1,25-(OH) 2 -D 3 synthesis is also regulated by the growth hormone (GH)-IGF1 axis, whereby IGF1 induces renal Cyp27b1 expression (Gomez, 2006; Wei et al., 1998) . TCDD dosedependently repressed hepatic growth hormone receptor (Ghr) 2.4-and 8.7-fold in female and male mice, respectively. TCDD also repressed male hepatic Igf1 (8.0-fold), the acid labile subunit (Igfals; 37.9-fold), and the IGF binding protein 3 (Igfbp3; 1.7-fold). In contrast, hepatic Igf1 and Igfals were unaffected in female mice, while Igfbp3 was induced 1.6-fold (Fig. 7) . Thus, although the GH-IGF1 axis is compromised in males, IGF1 signaling is likely not responsible for Cyp27b1 induction (Fig. 9) .
The endocrine effects of 1,25-(OH) 2 -D 3 on bone resorption are mediated through activation of the vitamin D receptor (Vdr), which was induced 2.2-fold in the male femur. In osteoblasts, VDR induces Tnfsf11, secreted phosphoprotein 1 (Spp1, aka osteopontin), progressive ankylosis (Ank), and ectonucleotide pyrophosphatase/phosphodiesterases (Enpp1 and Enpp3) to promote resorption and suppress mineralization. The induction of Tnfsf11 (2.5-fold) and Spp1 (1.6-fold) in the male femur is consistent with increased 1,25-(OH) 2 -D 3 , while Ank, Enpp1, and Enpp3 were unaffected (Fig. 6 ).
Discussion
Activation and knockout studies demonstrate the AhR plays an underappreciated role in the regulation of bone development and bone cell differentiation (Carpi et al., 2009; Korkalainen et al., 2009; Yu et al., 2014a,b) . Consequently, understanding the mechanisms through which AhR activation affects bone remodeling will help to elucidate the role of environmental contaminants in the development of metabolic bone disorders and may uncover novel therapeutic targets. In this study, we characterized the femoral phenotype resulting from repeated TCDD treatment of juvenile mice and investigated the dose-dependent femoral gene expression changes associated with this phenotype. TCDD-elicited alterations in the trabecular morphology of the femur were rapid and sensitive, with increased bone mass as early as 7 d following a single dose and effects at doses as low as 1 μg/kg TCDD. Comparable effects in both sexes after 28 d suggest the anti-estrogenic activity of TCDD contributes little to the underlying mechanism (Zacharewski and Safe, 1998) . Our results are consistent with reported increases in trabecular BVF and BMD in adult mice treated with a total dose of 200 μg/kg TCDD over 10 weeks (Herlin et al., 2013) .
Reduced serum levels of the resorption biomarker TRAP, combined with a reduction in the osteoclast surface to bone surface ratio, suggests TCDD impairs bone resorption. This is consistent with femoral repression of genes critical for osteoclast activity including enzymes involved in organic matrix degradation (Ctsk, Mmp13) and resorption pit acidification (Car2). Paradoxically, cytokines which promote osteoclast formation and function including Tnfsf11 (encodes RANKL) and Csf1 were induced in the femur, possibly in an attempt to overcome impaired resorption. Despite decreased serum levels of the bone formation biomarkers P1NP and osteocalcin, the osteoblast count at the trabecular bone surface was increased in male femurs. Given the increased trabecular BVF, TCDD appears to have tipped the bone remodeling balance towards bone formation, resulting in a net accumulation of mineralized bone. Interestingly, increased bone mass resulting from reduced bone resorption is characteristic of human osteopetrosis, where the fold increase in the trabecular BMD of patients with autosomal dominant osteopetrosis (~2-to 3-fold) is comparable to that reported in this study (Arruda et al., 2016) . Histopathological assessment of the femoral bone marrow compartment revealed TCDD decreased the number of bone marrow adipocytes in the distal trabecular region of both sexes. Epidemiological studies report an inverse relationship between BVF and bone marrow adiposity, with increased adipose tissue volume in the bone marrow of osteoporosis patients and impaired adipocyte differentiation in MSCs from patients with malignant infantile osteopetrosis (Justesen et al., 2001; Uckan et al., 2009 ). This inverse relationship may be due to MSC differentiation switching between osteogenic and adipocytic lineages, and/or altered levels of adipocyte-secreted adipokines (leptin and adiponectin) which affect osteoclast formation and function. TCDD decreases serum adiponectin levels in female mice despite no change in gonadal white adipose tissue weight (Nault et al., 2016a) , suggesting reduced adipokine secretion may be due to fewer marrow adipocytes. Interestingly, AhR was recently identified as a key regulator of MSC multipotency during differentiation towards osteoblasts and adipocytes (Gérard et al., 2018) , and therefore AhR activation may favor osteogenesis over adipogenesis. Consistent with this hypothesis, AhR has been identified as a negative regulator of adipocyte differentiation in both primary mouse embryo fibroblasts and human MSCs (Alexander et al., 1998; Podechard et al., 2009) . MSC differentiation potential decreases drastically with age (Fafian-Labora et al., 2015; Kretlow et al., 2008) , which may explain the negligible effects of TCDD on osteoblast and adipocyte differentiation markers at PND56. Furthermore, the fold change increase in the trabecular BVF of our juvenile mice was substantially greater than other studies demonstrating AhR-mediated BVF effects in adult rodents (≥ 8 weeks at the start of treatment) (Herlin et al., 2013; Jamsa et al., 2001; Yu et al., 2015) , suggesting the sensitivity of bone to AhR ligands may decrease with age. MSC differentiation may therefore represent a key AhR target which contributes to this critical window of exposure. Statistical significance (*p ≤ .05) was determined using a Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) K.A. Fader et al. Toxicology and Applied Pharmacology 348 (2018) [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] Gpnmb (aka osteoactivin), a positive regulator of osteoblast differentiation and matrix mineralization, was the third most highly induced gene identified by RNA-Seq (18.8-fold) (Abdelmagid et al., 2008; Frara et al., 2016) . The BMD 10% for Gpnmb induction (0.84 μg/ kg TCDD) was comparable to that of the most sensitive microarchitecture parameter (Tb.Sp.; 0.6 μg/kg TCDD), suggesting a mechanistic link to TCDD-elicited changes in trabecular morphology. Notably, Gpnmb is induced 3-to 4-fold in the long bones of a rat osteopetrosis model (Safadi et al., 2001) . Furthermore, transgenic overexpression increases trabecular BVF and bone formation while decreasing resorption (Frara et al., 2016) , consistent with the changes reported in this study. Gpnmb is also induced > 1200-fold in the liver of TCDD-treated mice with AhR binding detected within its promoter (Fader et al., 2017a; Nault et al., 2016a) , suggesting direct AhR regulation.
TCDD decreased serum levels of vitamin D precursor 25-OH-D 3 , while active 1,25-(OH) 2 -D 3 levels were increased, consistent with previous studies (Nishimura et al., 2009) . Renal induction of Cyp27b1 is likely responsible for 1,25-(OH) 2 -D 3 accumulation, while decreased CYP24A1-mediation degradation may also contribute. Although hepatic and femoral expression of Igf1 and Fgf23 do not adequately explain Cyp27b1 induction, direct AhR-mediated activation cannot be excluded. Classically, 1,25-(OH) 2 -D 3 promotes bone resorption by inducing osteoblast expression of Tnfsf11 (encodes RANKL), while simultaneously suppressing bone mineralization (Christakos et al., 2016) . Paradoxically, active vitamin D analogs such as eldecalcitol have been shown to impair bone resorption in mice, leading to increased trabecular BVF and BMD (Harada et al., 2012) . These changes are consistent with our reported results, however the mechanisms responsible for vitamin D-mediated impairment of bone resorption and increased BVF have not been elucidated.
In summary, TCDD altered the balance between bone resorption and formation in juvenile mouse femurs, resulting in increased bone mass with reduced marrow adiposity. Induction of Gpnmb was identified as a sensitive indicator of AhR activation within the femur, suggesting a mechanistic link that warrants further investigation. Our data also indicate that inappropriate AhR activation at an early age may alter the differentiation balance of MSCs, and therefore age may explain the contradictory reports of AhR-mediated changes in the bone morphology of adult rodents. It remains to be determined if the AhR represents a viable therapeutic target for the treatment of metabolic bone disorders. . However, this induction of Cyp27b1 is not adequately explained by changes in fibroblast growth factor 23 (FGF23) or insulin-like growth factor 1 (IGF1) signaling, potentially suggesting direct AhR regulation. For genes and metabolites, red indicates increased levels, blue indicates decreased levels, and grey indicates not measured. Green circles indicate induction/activation, while orange rectangles indicate repression/inhibition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
